Abstract -Piles are widely used as foundations in regions with expansive soil deposits to safely carry loads from the superstructure to the soil without undergoing unacceptable deformations. These foundations are typically designed assuming that that the soil is in a state of saturated condition extending conventional soil mechanics principles. However, the soil surrounding the pile in expansive soils is typically in an unsaturated state. Due to this reason, the mechanical behaviour of the pile is significantly influenced by matric suction. In this paper, the pile load transfer model proposed by Zhang and Zhang (2012) is modified by taking account of the influence of matric suction on the pile-soil interface shear strength for estimating the load-deformation behaviour. In addition, an algorithm is developed for estimating the load-deformation analysis of a single pile in expansive soils, taking account of infiltration conditions. An example problem is presented for highlighting the influence of infiltration on the load settlement behavior of a single pile in Regina clay, which is a typical expansive soil from Canada.
Introduction
Pile foundations are capable of carrying significantly large loads from the superstructure to the soil below safely without stability or deformation problems. These type of foundations are also widely used in expansive soils, which are typically found in an unsaturated state, with minor modifications in their design and construction procedures. The behaviour pile foundations in unsaturated expansive soils are significantly influenced by matric suction. However, it is typically ignored because the design of pile foundations is based on conventional soil mechanics assuming saturated soil conditions. Figure 1 illustrates the mechanical behavior of single pile in expansive soil before and after water or rainfall infiltration. Prior to infiltration, positive friction develops along the entire length of the pile. The load from the superstructure is carried along the length and at the end of the pile [as shown in Figure 1 (a) ]. As water infiltrates into the active zone [as shown in Figure 1 (b)], three main changes that arise in the soil and pile behavior should be given due consideration for the rational design of pile foundations: (i) in vertical direction, volume expansion of soil causes ground heave; (ii) in the horizontal direction, restricted volume expansion contributes to the development of lateral swelling pressure, which should be taken into account; (iii) the pile-soil interface strength properties change due to variations in water content of the surrounding soil.
Most importantly, due to the influence of water infiltration in the active zone, uplift friction generates along the pile as a result of displacement between the pile and the adjacent soil (i.e. soil swells and moves upward relative to the pile). The magnitude of the uplift friction can be determined from the lateral earth pressure increase that arises from the contribution of lateral swelling pressure and the water content-dependent interface strength properties. In the stable zone (the depth below the active zone that is not influenced by water infiltration), negative friction arises when the pile moves upward relative to surrounding soil in the stable zone.
Currently, there is limited understanding of the comprehensive behavior of pile foundations in expansive soils [1] . For this reason, it is usually recommended to conduct in-situ tests [2] or perform numerical analysis to better understand the complexities associated with the piles behaviour in expansive soils [1] [3][4] [5] . However, in-situ pile testing is expensive and time-consuming while numerical analyses require complex constitutive relationships, which need many soil parameters. For engineering practice applications; a quick, simple and yet reliable and acceptable approach is required for better understanding the pile behavior upon infiltration. In this paper, the load transfer curve model proposed by [6] is ICGRE 157-2 modified taking account of the influence of matric suction on the pile-soil interface shear strength upon infiltration. Furthermore, the traditional load transfer method is modified to estimate the load settlement analysis of a single pile in expansive soil upon infiltration. An algorithm is written for performing the above analysis. In this paper, an example problem is presented to highlight the load-deformation behavior of a single pile placed in Regina clay, which is a typical example of expansive clay from Canada, due to water infiltration. 
Background
The load transfer method for the analysis of single pile settlement was originally proposed by [7] . The load-settlement curve can be reasonably estimated relating the interface shear strength properties to the pile settlement for pile head loads. The key information in this method is the curve relating the interface shear strength and the pile settlement. Such load transfer curves were developed originally by [8] . Since then, several other scholars have also contributed to better understand and estimate the load-settlement behavior of piles from load transfer curves. For example, [7] and [9] presented the load transfer curves suitable for different situations from laboratory or field tests, or a combination of both. The load transfer method has gained wider acceptance through decades of application studies [10] .
In engineering practice, the shaft resistance degradation which has been investigated from field tests [11] [12] [13] ; these studies suggest skin friction softening increases which contributes to pile settlement. However, very few approaches account for the skin friction softening. In order to address this limitation, [6] proposed a simplified approach for the nonlinear analysis of the load-displacement response of a single pile considering shaft resistance degradation and base resistance hardening.
The softening nonlinear model of unit skin friction is shown in Fig. 2 (a) . Initially, the pile shaft friction increase nonlinearly with increasing pile head load. When the pile-soil relative displacement reaches Ssu, the unit shaft friction reaches a peak value su. The unit shaft friction then decreases as the pile-soil relative displacement keeps increasing. The mathematical expression of the curve shown in Fig. 2 ; Ssu is pile-soil relative displacement corresponding to peak interface shear strength; su is the peak interface shear strength; sr is the residual interface shear strength; A series of field tests on bored piles under compression loading [11] [12] [13] demonstrated that the value of βs applied for bored piles have been found to be within the range of 0.83-0.97.
The bi-linear base load-displacement model is shown in Fig. 2 (b) and corresponding mathematical expression is given as Eq. (3).
Where b and wb are the unit end resistance and the pile end displacement, respectively; kb1 and kb2 represent the compressive rigidity of the pile-tip soil in the first and second stages of the load-displacement curve, respectively; and Sbu is the pile-end settlement related to the limiting end resistance in the first stage.
A model was proposed by [14] for the determination of kb1 as given in Eq. (4).
Where Gsb and b are the shear modulus and Poisson's ratio of the soil below the pile base, respectively.
The value of kb2 can be approximately calculated using the Eq. (5) proposed by [15] .
Where ∆Pt is the increased load on the pile head when the settlement at the pile base is larger than the limiting pile end settlement of the first stage of the b-wb curve; ∆wt is the increased settlement at the pile head induced by ∆Pt; L is the pile length; Ep is the pile elastic modulus; Ap is the cross sectional area of the pile; and kt is the ratio of the load increment to the settlement increment at the pile head, kt = ∆Pt/∆wt.
Based on the proposed two models (the softening nonlinear model of skin resistance and the bilinear base loaddisplacement model), using load transfer method proposed by [7] , the load settlement response of a single pile can be obtained. The capacity of the proposed model is assessed by comparing the theoretical results with the experimental data from field measurement of pile for different types of soils (mud, sandy silt and clay). A satisfactory agreement has been achieved from these comparisons [6] .
Proposed method ICGRE 157-4
The load transfer model proposed by [6] has the ability to well simulate the relationship between the load and settlement of single pile under the application of an axial load. Furthermore, this relationship is has simple that is based on soil parameters determined from the conventional soil tests. This approach has been successfully applied for analyzing the load-deformation behavior of single piles in different kinds of soils (i.e. mud, sandy silt and clay). For this reason, in the present study, this model has been extended to describe the load-deformation behaviour of single pile in expansive soils with necessary modifications.
The stress state variables; namely, net normal stress and matric suction have a significant influence on the peak interface shear strength behavior of unsaturated soils. The peak interface shear strength of the unsaturated soil-structure interface can be modelled using Eq. (6) suggested by [16] . This equation was developed after conducting a series of interface direct shear test between the stainless steel plates and unsaturated soil for different values of matric suction.
Where ca' is effective pile-soil interface cohesion；(nf -uaf) is the net normal stress at failure, (uaf -uwf) is the matric suction at failure, ' is the effective soil internal friction angle; θ is the current volumetric water content; θr is the residual volumetric water content; θs is the volumetric water content at a saturation of 100%.
During the infiltration process, lateral swelling pressure develops in expansive soils when the volume expansion of soil surrounding the pile is restricted in horizontal direction. The generation of lateral swelling pressure can significantly increase the net normal stress that acts on the pile-soil interface. However, lateral swelling pressure is different from vertical swelling pressure for which standardized testing techniques and various estimation models are available (see the summary by [17] [18] [19] ). Research studies regarding the measurement and estimation of LSP however are relatively limited [20] . In this study, the model proposed by [20] [Eq. (7)] is employed for the estimation of lateral earth pressure (considering the lateral swelling pressure) under surcharge from vertical swelling pressure. Where Ps is the vertical swelling pressure (constant volume condition); Ea is the average elastic modulus with the variation suction range; σs is the surcharge stress.
A semi-empirical equation [Eq. (8)] proposed by [21] is used in Eq. (7) for predicting the variation of vertical swelling pressure with respect to suction reduction. It should be noted that Eq. (8) is only suitable for the scenario of saturation soil condition. However, the water infiltration is a time dependent process and the degree of saturation increases with an increase in initial water content (i.e. reduction of soil suction), prior to reaching full saturation condition. The lateral earth pressure (considering the lateral swelling pressure) during the intermediate period during which the degree of saturation and suction changes can be calculated. For example from ψA (initial state) to ψB (ψB is not zero), can be calculated as (PSA -PSB) using Eq. (8). A semi-empirical model [Eq. (9)] proposed by [22] has been used to predict the variation of average modulus of elasticity of unsaturated sandy soils with respect to matric suction using the SWCC.
Where, Eunsat is modulus of elasticity under unsaturated condition, Esat is the saturated modulus of elasticity, αE and βE are fitting parameters, and Pa is atmospheric pressure (i.e. 101.3 kPa).
Eq. (9) proposed by [23] for fine-grained soils (i.e. IP > 16%) can be extended for unsaturated expansive soils to achieve a reasonable agreement using the fitting parameters αE = 0.05 ~ 0.15 and βE = 2. This model can also be extended for estimating the average elastic modulus Ea in Eq. (7). Ea is defined as the average value of various Eunsat values calculated using Eq. (9) over the range of matric suction variation.
Limited experimental results from interface direct shear tests [16] [24] suggest that the residual interface shear strength (sr), is not significantly influenced by the matric suction. The reason for this behavior can be attributed to the shearing beyond the peak strength. During this stage of shearing (i.e. residual conditions), the air-water menisci are completely disrupted which results in a negligible strength contribution due to matric suction. However, the residual interface shear strength does increase with net normal stress at a given level of matric suction [21] . Extending this philosophy, the residual shear strength can be given as Eq. (10). However, in Eq. (10), both the residual effective cohesion (c'ar) and the residual interface friction angle ('r) should be determined from experimental studies. The relationship [Eq. (2) ] between the peak interface shear strength and the residual interface shear strength can also be extended for pile-unsaturated soil interface. Where c'ar is the residual effective cohesion; 'r is the residual interface friction angle.
The last parameter required is the pile soil relative displacement (Su) corresponding to the peak interface shear strength (su). As per earlier discussions, after the peak strength, due to the soil particle re-arrangement, the air-water menisci are completely disrupted. Due to this reason, the value of (Su) is not significantly influenced by the matric suction. This view point is supported by various experimental results [16] [24] [25] . Several factors influence the pile-soil interface behavior which include the soil type, pile type, consolidation condition of the soil, construction method and environmental factors. All these factors may pose some influence on the value of Ssu and contribute to the peak unit shaft friction and hence may be difficult to assess. Considering these difficulties, it is suggested that Ssu to be determined experimentally or from backanalysis of the field load test results. From a series of field tests [11] [12] [13] , [6] summarized that the value of Ssu varies within a range from 5 to 25mm for bored piles with diameter from 0.7-1.1m in different kind soils (e.g., mud, clay, sandy silt, silty clay).
The load transfer methods proposed by Coyle and Reese (1966) are widely utilized to predict the load-settlement behavior of single piles subjected to axial load because they suggest relatively simple analytical procedure and can be applied to any complex composition of soil layers with a nonlinear stress-strain relationship, nonhomogeneous medium, and any variation in the section along a pile (Poulos and Davis 1980) . The load settlement behavior of a single pile in unsaturated expansive soils upon infiltration can be analyzed by modifying the traditional load transfer method, extending the following key assumptions: (i). The length pile is divided into a number of segments; (ii). Assuming a small tip movement, ρt; the point resistance, Pt, caused by this movement is calculated using Eq. (3). In this study the likely situation that the pile tip has detached with the soil is not considered. (iii). A movement, ρ3, at mid-height of the bottom segment is assumed (for the first trial, it is suggested that ρ3=ρt). (iv). The suction profile keeps changing during the infiltration process. For a certain suction profile at a certain time, a relevant load transfer curve at a certain depth can be estimated using the proposed method in this study. (v) . From the estimated load-transfer curve, the shear strength of the soil at the depth of the segment corresponding to movement ρ3 can be obtained as 3. It should be noted that in the active zone, the pile-soil relative displacement should consider the possible ground heave for rigorous analysis. The ground heave at different depth can be simply estimated using Eq. (11) proposed by (23) . (vi). The load Q3 on the top of segment can then be calculated as Eq. (12); (vii). The elastic deformation at the midpoint of the pile segment (assuming a linear variation of load in the segment) is calculated using Eq. (13); (viii). The new movement at the mid-point of the segment is considered as Eq. (14); (ix). The calculated ρ'3 is compared with the estimated value of ρ3 from step (4); (x). If the computed ICGRE 157-6 movement ρ'3 does not agree with ρ3 within a specified tolerance, step (2) to step (10) are repeated and a new mid-point movement is calculated; (xi). The next segment up is considered after achieving convergence. This iteration procedure continues until the value of pile head load (Q0) and pile head displacement (ρ0) are obtained; (xii). A load-deformation curve can be achieved with respect to different base settlement for a certain suction profile, following the procedure from step (i) to step (xii). The pile head load-settlement curve can be obtained by accumulating the pile load and settlement at the top of each segment.
Where ∆h is heave of soil; h is thickness of the calculated soil layer; ∆(ua -uw) is the suction reduction.
Where L3 is length of segment 3; P3 is average perimeter of segment 3.
; A3 is area of segment 3; Ep is elastic modulus of the pile. 
Example problem
In order to better illustrate the algorithm proposed in this paper, an example problem is presented in this section. It is assumed that a single pile is constructed in Regina clay, a typical expansive soil from Canada. The load-deformation response of the pile upon infiltration is analysed using the proposed method. The geometry and soil properties are derived from a case study presented by [26] . Fig. 5 presents the SWCC given by [26] which was estimated using equation given by [27] . Properties of Regina clay are summarized from Vu and Fredlund (2004) [28] on Regina clay. In this example problem, the interface friction angle with respect to net normal stress (δ'), the interface friction angle with respect to matric suction ( b ) and interface cohesion (ca') is 60% of the internal friction angle of soil with respect to net normal stress ('), soil internal friction angle with respect to matric suction ( b ) and soil cohesion (c'), respectively. These assumptions with respect to interface properties are based on the conclusions presented by [16] . The assumed shear strength properties are summarized as following: Effective internal friction angle of soil with respect to net normal stress (') = 27.9; Internal friction angle of soil with respect to matric suction( b ) = 19.8; Effective interface friction angle with respect to net normal stress (') = 16.7; Interface friction angle with respect to matric suction ( b ) = 11.9; Effective soil cohesion (c' ) = 16.3kPa; Effective interface cohesion (ca') = 9.8kPa. Fig. 3 shows the geometry of the example problem. A pile (4m in length and 0.5m in diameter) is assumed to be installed in Regina clay. In the calculation, the pile is divided into eight segments: four of these segments are located in the active zone and the remainder four segments are in the stable zone. The elastic modulus of the pile is set as 30GPa (reinforced concrete pile), the pile soil residual shear strength is set as 60 percent of the peak shear strength and the pile soil relative displacement is set as (10mm) which is 1/50 of the pile diameter. The saturated elastic modulus of Regina clay ICGRE 157-7 is set as 5MPa and Poisson's ratio is set as 0.3. The initial suction profile given by [26] , which is -888kPa at the ground surface and -12kPa at the bottom of the active zone is used. One year after construction, the hot water pipe leakage was detected and the soil in the active zone gradually achieved saturation conditions with respect to time. Three different states were considered during the saturation process for analysis in this example problem. State 1 represents the initial suction profile before water infiltration, State 2 signifies the suction profile during the mid-time and State 3 marks the final steady state. Fig. 4 shows the relationship between the pile head load and settlement. From Fig. 4 , pile shows different behavior with suction decreases under different magnitudes of pile head load. When the pile head load is lower than approximately 170kN, the pile movement tends to be upwards upon infiltration. However, when the pile head load is higher than this value, the pile experiences downward movement upon infiltration. The reason for these behaviors can be explained as below; for pile under a head load lower than 170kN, prior to infiltration the pile shaft friction is only partially mobilized (which is far less than the peak shear strength). Upon infiltration, the shaft friction increases with increasing pile soil relative displacement in the active zone. Due to this reason, the total uplift force outweighs the downward dragging force contributing to the upward movement of pile. However, when the pile is under a head load higher than 170kN, prior to infiltration, the shaft friction contribution along the pile arises from fully mobilised peak shear strength parameters. Upon infiltration, increasing pile soil relative displacement causes an interface shear strength decrease from peak to the residual shear strength. The pile experiences settlement due to decrease in the shaft resistance. The pile head load of 170kN can be considered to be a value which differentiates between the light and heavy structure based on the pile-soil movement upon infiltration. 
Conclusions
The suction profile variation associated with infiltration has a significant influence on the mechanical behavior of pier or pile foundations in unsaturated expansive soil deposits. In this paper, an algorithm is proposed based on the traditional load transfer method presented by [11] to study the pile load-deformation behavior of a single pile in unsaturated expansive soil due to variation in suction profile associated with water infiltration. An example problem is presented in this paper assuming that a single pile is constructed in Regina clay, which is typical expansive soil from Canada. The results of the ICGRE 157-8 study indicate that for a lightly loaded pile (e.g., for light structures), the shaft friction is only partially mobilized. For such a scenario, typically there will be an upward pile movement. However, for heavy structures, peak shear strength fully mobilizes along the pile shaft offering resistance to pile soil relative displacement (i.e. ground heave). Once the peak shear strength value reduces to residual value, shaft friction contribution decreases rapidly. As a consequence, the pile will be subjected to a settlement into the ground. The algorithm proposed in this paper is promising for reasonable estimation of the load-deformation behavior of pile in unsaturated expansive soils. However, the proposed model has to be validated against case studies results in the future for understanding the strengths and limitations of the proposed algorithm.
